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SUMMARY 
A Monte Carlo code simulating neutron t ranspor t  i n  i n f i n i t e  cones 
of water and water-equivalent hydrogen was prepared f o r  an IBM 704 com- 
puter, The code was e s s e n t i a l l y  a modification of t h e  point-source, 
infin-ite-medium code used i n  NASA TN D-850,  
Studies were made of d i f f e r e n t i a l  neutron number spectra  and asso- 
c ia ted  buildup f ac to r s  f o r  i n f i n i t e  cones having apex half-angles of 
15O, 30°, 4 5 O ,  and 60'. The buildup f a c t o r s  obtained were compared with 
those f o r  t h e  appropriate  i n f i n i t e  medium, which allowed an examination 
of t h e  e f f ec t  of s o l i d  angle subtended by mater ia l  on t h e  t ranspor t  of 
6-Mev source neutrons emanating from t h e  cone apex. 
The va r i a t ion  of number buildup f a c t o r  with d is tance  f o r  t he  va r i -  
ous cones shows t h a t  neutron sca t t e r ing  out of t h e  cones i s  predominant 
i n  t he  f irst  30 t o  40 centimeters of material ,  and t h a t  t ranspor t  be- 
yond t h i s  dis tance is of a s imi la r  nature  i n  a l l  t h e  cones. 
INTRODUCTION 
The problem of ca lcu la t ing  required neutron and gamma-ray shielding 
f o r  t h e  crew compartment and components of a nuclear-powered space 
vehicle  i s  a very formidable one. Prospective configurations f o r  such 
shielding requirements consis t  of various a r rays  of f i n i t e  geometric 
shapes of material ,  
Most of t h e  r ad ia t ion  a t tenuat ion  proper t ies  of p laus ib le  shielding 
mater ia l s  have been described i n  terms of s p a t i a l l y  and energy-dependent 
number and energy spec t ra  and corresponding buildup f a c t o r s  f o r  point-  
source, infinite-medium configuratlons (see refs. 1 and 2) .  This type 
of information i s  not d i r e c t l y  use fu l  i n  the  ca lcu la t ion  of a c t u a l  
shields,  but can provide, at best, coarse upper bounds f o r  t h e  t r u e  
spectra  and buildup fac tors ,  which may lead  t o  gross overestimation of 
shielding requirements. 
2 
C A geometric arrangement that c lose ly  resembles an a c t u a l l y  proposed 
"shadow shield"  i s  t h e  i n f i n i t e  cone. For t h e  work reported herein, t h e  
infinite-medium code of reference 1 i s  modified f o r  appl ica t ion  t o  i n f i -  
n i t e  conical  media. Neutron number spec t ra  and buildup f ac to r s  f o r  a 
v a r i e t y  of i n f i n i t e  cones of water and water-equivalent hydrogen a r e  
computed by t h e  Monte Carlo method - d i g i t a l  computer simulation of 
p a r t i c l e  t ranspor t  - a t  various depths of penetrat ion from a 6-Mev point 
source located a t  t h e  apex of t h e  cone; t h e  number spec t ra  are normalized 
t o  correspond t o  t h e  infinite-medium r e s u l t s  ( ref .  1). Such information 
can provide use fu l  cor re la t ions  between number buildup f ac to r s  and s o l i d  Y 
angle of shielding ma te r i a l  subtended a t  p a r t i c u l a r  surfaces  i n  t h e  




l i m i t s  f o r  number spec t ra  and buildup f ac to r s  i n  deep-penetration- 

















t y p i c a l  f i rs t  c o l l i s i o n  point 
b ias ing  parameter 
number buildup f a c t o r  
dis tance between co l l i s ions ,  em 
neutron energy, Mev 
importance sampling cutoff energy, Mev 
individual  case h i s to ry  termination energy, Mev 
(n,a) process threshold energy, Mev 
neutron parametric debugging output cont ro l  number 
dump reading cont ro l  number 
normalization constant f o r  source-neutron p robab i l i t y  densi ty  
funct ion 
equals zero when second argument i s  i n t e g r a l  mult iple  of f irst  
argument 
current  cumulative number of case h i s t o r i e s  
number of  case h i s t o r i e s  between per iodic  dumps 






0 o r ig in  of coordinate system 
OA t y p i c a l  i n i t i a l  f l i g h t  path ( f ig .  1) 
d i f f e r e n t i a l  number flux, neutrons/(cm2) (sec)  (Mev) 
- 
P source-neutron-polar-angle probabi l i ty  dens i ty  funct ion 
R uniformly d i s t r ibu ted  pseudorandom number i n  0 + 1 in te rva l  
r penetrat ion depth, cm 
SL sense l i g h t  
S p robabi l i ty  densi ty  function for X 
WT neutron weight a f t e r  co l l i s ion  
* 
t XSECT cross sec t ion  
x, Y? z Cartesian coordinates 
P cone apex half-angle, deg 
d 
6 source-neutron-direction polar  angle, deg 
P distance between co l l i s ion  point and scoring s h e l l  along 
f l i g h t  path, cm 
c macroscopic neutron in te rac t ion  cross  sect ion 
(5 microscopic neutron in te rac t ion  cross  sec t ion  
cp source-neutron azimuthal angle ( f ig ,  11, deg 
X 
Subscripts I 
NEW a f t e r  c o l l i s i o n  
nonuniformly d i s t r ibu ted  pseudorandom number i n  0 -+ 1 in te rva l  
(n, a )  r e f e r s  t o  neutron in te rac t ion  producing an alpha p a r t i c l e  
tm before c o l l i s i o n  
t t o t a l  
e 
4 
t H  t o t a l  hydrogen 
t O  t o t a l  oxygen 
Superscript  : 
f dummy var iab le  of in tegra t ion  
sj 
6 ANALYSIS AND PROCEDURE 
(33 
tP The Monte Carlo code d i g i t a l l y  simulates neutron t ranspor t  i n  i n f i -  
n i t e  cones of water and water-equivalent hydrogen (hydrogen having t h e  
same densi ty  as t h a t  i n  water), A g rea t  saving i n  computing time i s  
effected i f  neutrons a r e  contained, as wel l  as i s  feasible ,  within t h e  
cones, s ince it i s  only these  neutrons t h a t  make subs t an t i a l  cont r i -  
butions t o  t he  deep penetrat ion f l u e s  and buildup factors .  Good con- 
tainment i s  accompli-shed by biasing t h e  source-neutron d i rec t ions  and 
use of modified p robab i l i t y  dens i ty  functions, 
t h e  polar  s ca t t e r ing  angles a t  primary and a l l  subsequent co l l i s ions  by * 
c 
Geometry and Transport Mechanics 
A conventional th ree-dhens iona l  Cartesian coordinate system with 
t h e  source point  located a t  t h e  o r ig in  i s  used t o  specify co l l i s ion  
posit ions.  The conical  i n f i n i t e  t ranspor t  media have t h e i r  apexes a t  
t h e  o r ig in  and open symmetrically about t h e  pos i t i ve  z-axis ( f ig .  1). 
The polar  and azimuthal angles of t h e  ve loc i ty  vector  and t h e  energy 
complete t h e  phase spec i f ica t ion  of t h e  neutron i n  transport .  
For computing e f f ic iency  and convenience, source neutrons a r e  e m i t -  
t e d  a t  a r a t e  of 1 per  second and a r e  given an i n i t i a l  d i r ec t ion  within 
t h e  cone of mater ia l  under consideration i n  t h e  following manner. If 
t h e  source i s  assumed t o  be isotropic ,  t h e  probabi l i ty  dens i ty  function 
t h a t  describes t h e  emergence of a neutron within t h e  cone a t  an angle 
6 with t h e  z-axis i s  
K p ( 6 )  = 2 s i n  6 
where K i s  a constant of normalization. The normalization condition 




where p i s  the cone apex half-angle. From equation ( 2 )  it follows 
t h a t  
2 K =  1 - cos f3 (3)  
It i s  apparent from equation ( 2 )  t h a t  
per increment of cos 6 t h a t  yields  proper source normalization within 
the  cone and e s s e n t i a l l y  maps an inf  inite-medium, isotropic-source d i s -  
t r i bu t ion  i n t o  a similar d i s t r ibu t ion  f o r  an i n f i n i t e  cone. Thus 1 /K  
i s  a weight f a c t o r  t o  be at tached t o  each source neutron. A choice of 
i n i t i a l  polar  angle 6 i s  made i n  t h e  conventional manner (ref. 1) 
by t h e  use of X, an element of a set  of nonuniformly d i s t r ibu ted  pseu- 
dorandom numbers i n  t h e  0 t o  1 interval :  
K i s  t h e  f r ac t ion  of a neutron 
6 6 6 
1 s i n  6 '  d6' = X (4) 
1 - cos p p(6 ' )d6 '  = E/ s i n  6' d6' = 
0 
2 
The probabi l i ty  dens i ty  function f o r  X i s  
* 1 - e-" s (x) = 
a[1 - (1 - e - " ) ~ ]  ( 5 )  
T h i s  choice of X (ref.  1) forces  crowding of source p a r t i c l e  d i rec t ions  
toward t h e  z-axis and thus  improves t h e  overa l l  computational e f f ic iency  
of t h e  program, s ince  f e w e r  neutrons physical ly  escape from the  cone i n  
the  ea r ly  stages of case h i s to r i e s  than would be removed i f  uniformly 
d is t r ibu ted  random numbers were used d i rec t ly .  A s  i n  reference 1, the  
values of X a r e  obtained from values of a uniformly d i s t r ibu ted  random 
number R by t h e  transformation 
where a i s  a real  pos i t i ve  adju'stable parameter, Another weight cor- 
rec t ion  f a c t o r  
ref. l), since the  nonuniformly d i s t r ibu ted  pseudorandom numbers X are 
used. Hence, t h e  weight t o  be attached t o  a source neutron i s  
l / s * ( X )  m u s t  now be appl ied to t h e  source neutron (see 
6 t 
The core of t h e  Monte Carlo calculat ion procedure i s  i d e n t i c a l  with c 
t h a t  used i n  reference 1. Neutron f l u x  i s  computed with t h e  use of 
s t a t i s t i c a l  estimation by counting neutrons, weighted a p r i o r i  by 
e-*P, "incident" on a t e s t  sphere of u n i t  cross-sect ional  area a t  t h e  
desired spherical-flux-recording-shell radius. The subroutine of re fer -  
ence 1 used t o  accomplish t h i s  computation was appropriately modified t o  
account f o r  t h e  conical  geometry. The f luxes  are normalized t o  t h e  
infinite-medium r e s u l t s  by multiplying by t h e  normalization factor .  
- 2 - 43-t 
2 X ( l  - cos p )  1 - cos p 
which i s  t h e  rec iproca l  of t h e  f r a c t i o n  of a11 space subtended by an 
i n f i n i t e  cone and, because of t h e  p a r t i c u l a r  mode of normalization 
chosen, i s  i d e n t i c a l  t o  K (eq. (3)). 
In  t h e  water-cone calculations,  (n ,a)  oxygen absorption i s  accounted 
f o r  by multiplying t h e  neutron weight by 1- '(n,a)j oxygen cross see- + 
't 
t i o n s  of reference 3 were used. In t h e  hydGogen-cone calculations,  no 
absorption occurs. In  both cases, neutron h i s t o r i e s  a r e  terminated by 
means of a cutoff energy of 0.4 Mev, For each cone considered, 2500 
neutron case h i s t o r i e s  were executed; t y p i c a l  computing time f o r  a case 
was 40 minutes. 
& 
In  addi t ion t o  reducing polar sca t te r ing  angles by t h e  exponential 
biasing technique previously mentioned, neutron t r a n s i t  dis tances  were 
lengthened t o  favor deep penetration. The X-set of pseudorandom numbers 
was used t o  accomplish t h i s  also,  t h e  t r a n s i t  dis tance being 
DR = - - l n ( l  1 - X); t h e  appropriate weight correct ion i s  made here also.  
% 
Figure 2 i s  t h e  flow diagram from which t h e  code was writ ten.  
For purposes of comparison with infinite-medium buildup f a c t o r s  
computed from t h e  r e s u l t s  of reference 1, a l l  cross sect ions f o r  hydro- 
gen and oxygen, including t h e  oxygen e l a s t i c  d i f f e r e n t i a l  sca t te r ing  
cross section, were computed using t a b l e s  obtained from references 3 and 
and 4. 
number spectra  of f igure  4 and from t h e  d e f i n i t i o n  of buildup f a c t o r  
The buildup f a c t o r s  p lo t ted  i n  f igure  3 were computed from t h e  
6- E [ 4nr2No(r, E )  dE 
- . + 1 f o r  E = 0.001 J O .  4 -v Bm = e 
t 
(9 1 
Y .  
from reference 1. 
7 
DISCUSSION OF RESULTS 
.r, 
i 
The number spec t ra  f o r  t h e  water cones ( f igs .  4(a) t o  ( d ) )  r e f l e c t  
t h e  e f f e c t s  of oxygen scat ter ing,  as d id  t h e  infinite-medium spectra  of 
reference 1. The two most v i s i b l e  e f f e c t s  a r e  t h e  r e l a t i v e  maximums a t  
5.25 and 2.25 Mev. These a r e  due, respectively,  t o  f irst  sca t t e r ings  
f r o m  oxygen nuclei  and t h e  l a rge  antiresonance i n  t h e  oxygen t o t a l  cross  
sect ion located a t  approximately 2.3 Mev. The number spectra  f o r  t h e  
hydrogen cones (f igs .  4 (e)  t o  ( h ) )  d i sp lay  a more monotonic average be- 
havior with l a rge  f luctuat ions,  p a r t i c u l a r l y  a t  low energies, t h a t  are 
mainly s t a t i s t i c a l  i n  nature. When neutrons have experienced severa l  
co l l i s ions ,  as those contr ibut ing t o  t h e  low-energy bins, s t a t i s t i c a l  
f luc tua t ions  due t o  t h e  rough nature of t h e  importance sampling tech-  
nique employed are p a r t i c u l a r l y  evident. 
The number buildup f ac to r s  f o r  t h e  water and hydrogen cones ( f ig .  3) 
r i s e  with increasing penetrat ion depth, which i s  t o  be expected, For a 
pa r t i cu la r  depth, these  quan t i t i e s  increase with increasing cone apex 
half-angle; t h i s  i s  due t o  the  l a r g e r  amount of mult iple  sca t te r ing  as 
t h e  cone angle and cross-sect ional  diameter increase. 
d 
A p a r t i c u l a r l y  in t e re s t ing  aspect of t h e  curves of f igu re  3 i s  t h e  
f a c t  t h a t  t h e  r a t e s  of change of t he  buildup f ac to r s  with penetrat ion 
depth a r e  highly divergent within t h e  f i rs t  30 t o  40 centimeters, T h i s  
displays t h e  increasing importance of s ca t t e r ing  out of t h e  cones with 
decreasing cone angle and cross-sect ional  diameter, where mult iple  
sca t te r ing  e f f e c t s  a r e  diminished. The roughly p a r a l l e l  behavior of t h e  
buildup-factor curves a t  penetrat ion depths g rea t e r  than 60 centimeters 
implies t h a t  neutron sca t t e r ing  out of t h e  cones at t h e  deeper pene- 
t r a t i o n s  i s  of r e l a t i v e l y  similar importance f o r  all t h e  cones. 
The r a t i o  of t h e  Infinite-medium t o  15O cone number buildup f ac to r s  
i n  water ( f ig ,  3(a))  i s  a s  l a rge  as 18, For water-equivalent hydrogen, 
t h i s  r a t i o  has a maximum value of approximately 5. 
SUMMARY OF RESULTS 
Neutron number f luxes  and buildup f ac to r s  i n  various i n f i n i t e  cones 
of water and water-equivalent hydrogen were computed by means of a Monte 
Carlo code wr i t t en  f o r  t h e  IBM 704 computer. A 6-Mev point source at 
t h e  cone apex was used. The following a r e  t h e  r e s u l t s  of i n t e re s t !  
1. The d i f f e r e n t i a l  number spec t ra  i n  water d i sp lay  t h e  high-energy- 
oxygen first sca t t e r ing  peak and t h e  2.3-Mev peak because of t h e  l a rge  
oxygen t o t a l  cross sec t ion  antiresonance at  t h a t  energy. 
a *. 
2, The inf ini te-cone number buildup f a c t o r s  i n  water and hydrogen 6 
exhibit  a r i s e  with increasing dis tance and a r e  as s m a l l  as 1/18 of t h e  
infinite-medium buildup factors .  
3. The mode of v a r i a t i o n  of number buildup f a c t o r  with penetration 
depth indicates  t h e  importance of neutron s c a t t e r i n g  out of t h e  cones at 
shallow penetrations; t h i s  e f f e c t  i s  espec ia l ly  strong f o r  t h e  s m a l l -  
angle-cone cases. 
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, June 29, 1962 
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Figure 1. - Coordinate system used t o  or ien t  i n f i n i t e  cones 
and t o  specify c o l l i s i o n  and f lux-she l l  posi t ions.  Source- 
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Figure 2. - Flow diagram for Monte Carlo calculation of neutron flux in in- 
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(a) I n f i n i t e  water cones. 
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(b)  I n f i n i t e  water-equivalent hydrogen cones. 
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(a) Water cone; apex half-angle, 15'. 
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(b) Water cone; apex half-angle, 30'. 
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( c )  Water cone; apex half-angle, 450. 




(a) Water cone; apex half-angle, 60'. 
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( e )  Water-equivalent hydrogen cone, apex half-angle, 15'. 





( f )  Wat er-equivalent hydrogen cone; apex half-angle, 30'. 


























(g)  Water-equivalent hydrogen cone; apex half-angle, 45’. 
Figure 4. - Continued. Neutron number spectra. 
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( h )  Water -equiva len t  hydrogen cone; apex  ha l f - ang le ,  60°. 
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